Background: In current non-human primate models, full-thickness porcine grafts
| INTRODUC TI ON
Corneal transplantation is the only means to recover sight for corneal blindness, but donated corneas cannot meet the vigorous demands from the blind people around the world. 1 Researchers have been exploring alternatives to human corneas, such as biosynthetic cornea, keratoprosthesis, amniotic membrane, and animal cornea. 2 Among these alternatives, porcine cornea (PC) is the most promising substitute, because it has the similar histologic and optical properties to the human cornea. Moreover, PCs can be obtained easily and there are few ethical issues to consider.
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To explore the potential of PC for future clinical practice, xenocorneal transplantation models from pig to non-human primate (NHP), either xeno-penetrating keratoplasty (PKP) or xeno-anterior lamellar keratoplasty (ALK), have been established. Although encouraging outcomes have been obtained from these models, challenges still block the way to the future clinical application. [4] [5] [6] [7] [8] [9] [10] The biggest challenge is that the full-thickness PCs could not survive for a long term without using systemic immunosuppressors, [6] [7] [8] [9] and it is not suitable for clinical settings because of the severe side effects derived from these immunosuppressors. In addition, from our own experience, the thickness disparity between the PC and the recipient bed proved to be hard to manipulate. 10 And several complications occurred in xeno-PKP, such as anterior synechia and retrocorneal membrane, could cause xenograft failure even in case of perfect anastomosis. 10, 11 Accompanied by the advances of keratoplasty techniques, endothelial keratoplasty (EK), selectively replacing impaired endothelium with a healthy endothelial graft, has been getting more and more popular. 2 Although PKP is the effective means to recover sight for the blind caused by infectious keratitis or corneal opacity, EK is the best way to cure the blindness due to endothelium impairments, such as bullous keratopathy (BK), Fuch's endothelial dystrophy, and endothelial decompensation. Considering the incidence of BK has been increasing with the popularity of cataract phacoemulsification around the world, it is expected that the number of EK would increase dramatically in the next few years. 12 To date, Descemet's stripping automated endothelial keratoplasty (DSAEK) has become the mainstream EK technique to cure patients with BK. 13 The DSAEK graft is prepared by the automated microkeratome, so the technique is more reproducible and reliable than preparing EK grafts by manual. The graft only consists of the endothelial layer and an ultrathin posterior stroma (about 130 μm), and few antigens load on it. Different to PKP, the whole graft is fixed in the anterior chamber where the potent immunity privilege, named anterior chamberassociated immunity deviation (ACAID), could prevent the graft from immune rejection. 14 Given that, the rejection rate of DSAEK is much lower than that of PKP, and a minimal immunosuppressive regimen is enough to keep the graft survival for a long term, which has been verified by several clinical outcomes. [15] [16] [17] Moreover, the thickness disparity between graft and recipient could be eliminated.
Based on the advantages of DSAEK, we hypothesize the technique may overcome the challenges occurred in the current NHP models: (i) porcine DSAEK grafts could survive in a xenogeneic recipient for a long term without using systemic immunosuppressors (Hypothesis 1) and (ii) xeno-DSAEK may reduce the complications recipients (n = 5/7) re-established their transparencies within 30 days after xeno-DSAEK, and four grafts survived >180 days (>180, >180, >298, >270) only by injecting betamethasone subconjunctivally, whereas two grafts (n = 2/7) rejected in 30 days.
The AS-OCT and CLM showed the survived grafts attached firmly to the host beds, and the endothelial cell density was adequate (>2000cells/mm 2 ) to maintain the graft function at post-operative month 6. The immunohistochemistry showed predominantly T cells (CD4+ and CD8+) and macrophages infiltrated in the rejected grafts, although a few B cells (CD20+) were also observed. Moreover, immunofluorescence demonstrated donor-specific antibody (IgG) and complement (C3c) were also involved in the immune rejection. However, T-cell subgroups and cytokine concentrations (except for IL-6) showed no significant differences between the rejected and survived grafts.
Conclusion:
Xeno-DSAEK is feasible and effective, and the technique may reduce the complications common to xeno-PKP. More importantly, the porcine DSAEK grafts could survive for a long term without using systemic immunosuppressors and exhibit promising future for clinical practice.
K E Y W O R D S
Descemet's stripping automated endothelial keratoplasty (DSAEK), immunosuppressor, long-term survival, non-human primate, wild-type pig, xeno-corneal transplantation common for xeno-PKP (Hypothesis 2). Thus, the aim of this study was to testify the two hypotheses through exploring the feasibility and efficacy of xeno-DSAEK (from WZS-pig to rhesus monkey) and to investigate the possible rejection mechanism.
| MATERIAL S AND ME THODS
All procedures conducted in this study strictly complied with the ARVO Statement regarding the ethics and animal welfare in Ophthalmic and Visual Research. This study was also approved by Animal Ethics Committee of Capital Medical University. 
| Donors and recipients

| Groups and medications
Nine rhesus monkeys coded consecutively from M1 to M9 were divided into two groups. In the DSAEK group (M1-M7), Descemet's membrane (DM) stripping was carried out to establish the BK model and then followed by porcine DSAEK graft transplant. In the control group (M8 and M9), only DM stripping was performed. After the surgery, levofloxacin eye drops (Santen, Japan) and TobraDex eye ointment (Alcon, Belgium) were applied every other day for the first 2 weeks and twice a week thereafter in both groups. Besides that, in the DSAEK group, betamethasone 3.5 mg (Schering-Plough, USA) was injected subconjunctivally every 10 days for a total of 10 times.
| WZS-pig DSAEK graft preparation
The pigs were euthanized by exsanguination in a coma condition after electric shock (220V AC), and then, the eyeballs were enucleated.
Before preparing the DSAEK grafts, the eyeballs were processed as previously described. 5 Then, the corneas were mounted on the artificial anterior chamber and cut using the automatic microkeratome system (Moria, Japan) ( Figure 1A ). Considering the porcine cornea was much thicker (680-750 μm) than the human cornea, double-pass technique was employed to obtain an appropriate graft thickness ( Figure 1A-E) . The grafts were stored in Optisol-GS (Bausch & Lomb, USA) at 4°C for 3-5 days before use, and the endothelial cell density (ECD) of each graft was counted by the specular microscope (HAI, Japan).
| Bullous keratopathy model establishment and xeno-DSAEK transplant
In both groups, all surgical procedures were performed by Prof
Pan in the right eye of the monkeys. BK models were established by stripping the DM (the diameter was 6 mm) ( Figure 2A -C). In the DSAEK group, the procedures were the same to those that performed for the human eye, including viscoelastic substance removal, graft insertion, graft unfolding, and air tamponade ( Figure 2D -H). To avoid graft dislocation caused by remaining viscoelastic, the anterior chamber maintainer was used ( Figure 2D ). In addition, "suture pullthrough" technique ( Figure 2F ) instead of "glide pull" was employed to minimize endothelial cell lost and avoid iris damage during the manipulations. To match the area of DM stripping well, the same size graft (6mm) was transplanted into the anterior chamber. After the graft was unfolded and positioned centrally, full-pressure air bubble (about 40 mm Hg) was injected into the anterior chamber. After that, the monkey was kept in a supine position for at least one hour in aim of forming a firm attachment between the graft and the host bed.
F I G U R E 1 Procedures for preparing porcine DSAEK graft. A, The porcine cornea was mounted on the artificial anterior chamber; the stopper and microkeratome pathway were also mounted. B, The first cut (400 μm blade head) was passed through the cornea. C, The free flap made by the first cut was removed. D, The second cut (110 μm blade head) was passed incompletely. E, After the second cut, the pedicle flap was made and then reattached it to the stroma
| Graft evaluation
After the surgery, the DSAEK grafts were evaluated by slit lamp (Haag-Streit, Switzerland) twice a week for 6 months. The graft rejection after xeno-DSAEK was assessed by the modified criteria used previously. 4 At post-operative months 3 and 6, confocal laser microscopy (CLM) (Heidelberg, Germany) was hired to assess the endothelial cell density (ECD), and the attachment between the graft and the host was observed by anterior segment optical coherence tomography (AS-OCT) (Optivu, USA) at post-operative month 6.
| Surveillance of T-cell subgroups in peripheral blood
Peripheral blood samples were collected from all the monkeys in the DSAEK group before operation and at post-operative days 7, 14, 28, 60, 120, and 180. T-cell subgroups (CD3+, CD4+, and CD8+) were quantitated by flow cytometry (FCM) as previously described. 
| Anti-Gal antibody in plasma
Anti-Gal antibody (IgG and IgM) concentration in the monkey plasma after xeno-DSAEK was determined by the ELISA kit (Biovendor, Czech) before operation and at post-operative days 7, 14, 28, 60, 120, and 180 as per manufacturer's protocol. The antibody concentration expressed as artificial unit (AU/ml), and each sample tested three duplicates.
| Cytokine quantitation in aqueous humor
In the DSAEK group, aqueous humors were obtained from all the monkeys before operation and at post-operative day 28. Cytokines (IL-1, IL-2, IL-4, IL-6, IL-10, TNF-α, and IFN-γ) were determined by human magnetic luminex assay kit (R&D, Biotech) as per manufacturer's protocol. The concentration of cytokine expressed as pg/ml, and each sample tested three duplicates.
| Pathological examination (Immunohistochemistry and immunofluorescence)
Two recipients (M4 and M6) were sacrificed at post-operative day 180 for pathological examination. The corneas were divided into two equal parts, one part was subjected to HE staining and immunohistochemistry (IHC), and the other part was used for
Procedures for establishing xeno-DSAEK rhesus model. A, The epithelial mark was made using the 6.0 mm trephine. B, Viscoelastic substance was injected into the anterior chamber after clear corneal incision was made. C, The Descemet's membrane was scored along with the epithelial mark and stripped using the reverse hook. D, After removing remaining viscoelastic, the depth of the anterior chamber was maintained by irrigation through the anterior chamber maintainer. E, 10-0 nylon suture was mounted at the edge of the porcine DSAEK graft. F, The graft was pulled into the anterior chamber through the suture. G, The graft was unfolded and positioned centrally, and then, the corneal incisions were closed. H, Full sterile air bubble was injected into the anterior chamber to fix the graft immunofluorescence (IF). Contralateral cornea of M6 was harvested as negative control.
To identify inflammatory cells infiltrating in the cornea, IHC was performed following the routine protocol. Briefly, the tissue was sliced to 4-μm sections and mounted on silane-coated slides. After dewaxing by acetone, the slides were heated in 0.01M citrate buffer (PH = 6) for 10 minutes to retrieval antigen. For blocking nonspecific antigen staining, the slides were incubated with 10% bull serum albumin (BSA) at room temperature for 10 minutes. Then, the slides were incubated at 4°C overnight with the following primary After the staining, the sections were observed by the fluorescent microscopy (Leica, Germany).
| Statistical analysis
Statistical analyses were conducted using SPSS version 24.0 (IBM, Chicago, IL). T-cell subgroups were compared by independent Student's t test. Repeated measures ANOVA was used to compare ECD at different time point. For those non-normal distributed data (e.g, cytokine and anti-GAL antibody), non-parametric MannWhitney U test was hired. P value < .05 was considered the statistical threshold.
| RE SULTS
| Effectiveness of xeno-DSAEK and graft survival
No complications or fault manipulations occurred during the surgeries. Except M5 died at post-operative day 58 without explicit cause, the other monkeys were healthy and vigorous throughout the observational period. Figure 3 shows the representative photographs in 
| AS-OCT and CML
The Figure 6C4 ) and the interface between graft and host bed ( Figure 6C5 ).
| T-cell subgroup in peripheral blood
T-cell subgroup proportion (CD3+, CD4+, and CD8+) in the peripheral blood for each monkey varied throughout the observational period, but roughly reached to the pre-operative values at the final time point. When comparing T-cell subgroup proportions between the survived grafts (M1, M2, M5, M6, and M7) and the rejected grafts (M3 and M4), no significant differences were found before operation and at post-operative days 7, 14, and 28 (data not shown) ( Figure S1 ). anti-GAL IgG concentration in the survived grafts was significantly lower than that in the rejected grafts at post-operative day 14 (P = .001) and day 28 (P = .001). Similarly, concentration of anti-GAL IgM in the rejected grafts was significantly higher than that in the survived grafts at post-operative day 14 (P = .028) and day 28 (P = .005). The CLM images of the rejected graft (M4) showed activated epithelium (B1), inflammatory cell infiltration (B2), scarred stroma, and invisible endothelium (B3). (C): In the DSAEK group (M7), the epithelial cells were complete and the cell borders were clear (C1). The activated keratocytes connected in a honeycomb pattern in both anterior (C2) and posterior stroma (C3). The particle deposits with high reflection were found in the posterior recipient stroma (C4) and the interface between graft and host bed (C5). Hexagon-shaped endothelial cells were clear and well organized in the graft (C6) (P > .05). On the contrary, at post-operative day 28, concentration of IL-6 in the rejected grafts was significantly higher than that in the survived grafts (P < .0001). In addition, concentration of IL-6 in the rejected grafts increased significantly at post-operative day 28 comparing with the concentration before xeno-DSAEK (P = .043).
| Anti-GAL (IgM and IgG) antibody in plasma
| Cytokines in aqueous humor
| Morphology of endothelial cells and ECD after xeno-DSAEK
For the rejected grafts (M3 and M4), endothelium layer could not be observed through CLM due to severe corneal opacity. Figure 9 demonstrates the morphology of the endothelial cells before operation and at post-operative months 3 and 6 in M2. The cells were well-organized, and the cellular borders can be seen clearly before xeno-DSAEK ( Figure 9A , image of specular microscope). The cells were also clear and regular at post-operative month 3 ( Figure 9B ), while at post-operative month 6, they enlarged and a few of them changed to be polygon-shaped ( Figure 9C ). As shown in the histogram ( Figure 9D ), the ECD reduced significantly at post-operative months 3 and 6 when comparing with the ECD before xeno-DSAEK (P = .001). In addition, the ECD at post-operative month 6 was significantly lower than the ECD at post-operative month 3 (P = .002).
| HE staining
As Figure 
| Immunohistochemistry
In the rejected graft, T cells (CD4+ and CD8+) and macrophages (CD68+) mainly infiltrated in the host bed, but B cells (CD20+) were scarce in both host bed and graft ( Figure 11A , ×400). In contrast, no inflammatory cells were found in the survived graft ( Figure 11B , ×100).
| Immunofluorescence
In the rejected graft, α-GAL only expressed in the edematous graft, but IgG and C3c expressed positively in both host bed and graft ( Figure 12A ). For the survived graft, α-GAL expression in the graft was very dim, while IgG and C3c were not found in the cornea ( Figure 12B ). By contrast, all the parameters showed negative results in the contralateral cornea of M6 ( Figure 12C ).
| D ISCUSS I ON
In the present study, it is the first time that we successfully transplanted porcine DSAEK grafts to the bullous keratopathy NHP models. Furthermore, the xeno-DSAEK graft exhibited the function to cure BK and maintained the recipient cornea transparent throughout 
F I G U R E 8
Cytokine concentration in aqueous humor before and after xeno-DSAEK. Except for IL-6, the other cytokines showed no significant increases (P > .05). Concentration of IL-6 in the rejected grafts was significantly higher than that in the survived grafts (P < .0001). In addition, significant difference was found in the rejected grafts before and after xeno-DSAEK. *P < .0001, **P = .043
These encouraging results testified the Hypothesis 1 that porcine DSAEK grafts could survive for a long term without using systemic immunosuppressors. Based on the current results, long survival of porcine DSAEK grafts is still unknown in case of topical steroids, which deserves further investigation to adapt to the actual clinical settings.
Several aspects may account for the long survival of the porcine DSAEK grafts in the absence of systemic immunosuppressors. Xeno-antigens (both cellular and non-cellular) loaded in the DSAEK graft were far less than those loaded in the full-thickness graft. Thus, the chance of evoking host immune rejection should be dramatically decreased. Moreover, ACAID could provide multifactorial protections for the graft, including blood-aqueous barrier, negative regulation cytokines (IL-10 and TGF), and Fas ligands. 18, 19 Although studies have proven that porcine endothelial cells are the major targets of immune rejection in xeno-PKP models, 19 guinea pig corneal fragments without epithelium showed low immunogenicity in the mice anterior chamber even if the fragments bearing intact endothelium. 20 Given that, fewer xeno-antigens, free of epithelium as well as the immunity privilege of ACAID guarantee the long survival in this study. However, when iris damage, anterior synechia or severe inflammatory reactions occur, the immunity privilege can be impaired, and the DSAEK grafts will be rejected rapidly, as occurred in M3 and M4. Surprisingly, as the indicators for the status of ACAID, we did not find any significant increases in cytokines (except for IL-6) in the two rejected grafts (M3 and M4). We assume betamethasone may affect cytokine secretions in the aqueous humor, which can be partly verified by our previous study: Some cytokines (e.g, IFN and TNF) did not increase The ECD reduced significantly at post-operative months 3 and 6 when comparing with the ECD before xeno-DSAEK. In addition, the ECD at post-operative month 6 was significantly decreased when compared with the ECD at post-operative month 3. *P = .001, **P = .002 Besides that, small samples and measurement variations may also cause these insignificant results.
The WZS-pig is an inbred miniature pig strain that we also used in the previous study. 4 The full-thickness grafts from WZS-pigs survived over 3 months under the same immunosuppressive regimen, suggesting the cornea of WZS-pig was low immunogenicity. Previous test showed acute rejection did not occur after skin allotransplantation using inbred F13 WZS-pig; and genetic studies demonstrated that homology between WZS-pig swine leukocyte antigen (SLA) and human leukocyte antigen (HLA) is high, which might explain the low immunogenicity. In addition, the central cornea thickness of WZS-pig is thinner (about 680-750 μm) than that of common wild-type pig. 4 Therefore, the WZS-pigs are the ideal donors for our xeno-DSAEK models.
As previous studies demonstrated, immune rejection occurred in xeno-corneal transplantation is very complicated as humoral immunity and cellular immunity were all involved in the process. 6, [8] [9] [10] 19 Choi et al. 9 found CD8+ T cells and macrophages infiltrated predominantly in the rejected grafts and inferred delayed xenograft rejection was the core mechanism for xeno-PKP rejection. Vabres and colleagues also revealed mainly T cells and macrophages infiltrated in the rejected grafts, although a high proportion of CD4+ T cell rather than CD8+ T cell was observed. 8 Similarly, we observed all immune components participated in the process of rejecting the xeno- thickness, exquisite surgical manipulation, and spine position after operation. Of the three aspects, we suppose the most important and challenging aspect is to prepare the grafts. Some authors analyzed the histopathologic features of the failed DSAEK grafts in human and found thick and irregular grafts were more likely to detach from the posterior stromal bed. 22, 23 Considering that, we hired doublepass rather than single-pass technique to harvest an appropriate thickness. 24 However, in this study, the thickness of the graft was much thicker than the expected thicknesses estimated by the nomogram that used for human corneas. This discrepancy may explain by the PC's biomechanical properties. 25 Several studies have proven that porcine corneas exhibited lower stiffness and inferior ability of sustaining a stress state under a long-term loading when comparing with human corneas in vitro. 26, 27 These properties could cause less porcine stroma cut and more residual stroma left. Considering these properties, pachymeter and AS-OCT should be hired during the cutting and enough pressure of artificial anterior chamber should be maintained. On the other hand, a few studies reported that the double-pass technique was not reproducible and reliable to prepare ultrathin human DSAEK graft (<110 μm). 28 Moreover, the inconsistent graft thickness may occur in case of acentric trephine after the second pass, because the graft diameter after the second pass is smaller than the diameter after the first pass. 29 Therefore, more attempts should be carried out to obtain the ideal porcine DSAEK grafts, and developing an exclusive nomogram for porcine cornea is necessary for further xeno-DSAEK studies.
Endothelial cell density is critical for maintaining DSAEK graft functioning and long-term survival. The pre-operative ECD should be no less than 2200 cells/mm 2 in human DSAEK, 30 while the mean ECD of the grafts exceeded 3000 cells/mm 2 in this study. A few studies have demonstrated that porcine ECD negatively correlated with its age, 21,31 so younger pigs seem to be the better choices for xeno-DSAEK. However, as mentioned above, it is difficult to obtain an appropriate thickness using younger pig cornea because of its lower tissue stiffness. Thus, in this study, choosing 10-12 months WZS-pig as donors is the result of making a balance between tissue stiffness and ECD. Although we did not follow up post-operative ECD for a longer period (>12 months), the ECD at 6 months after xeno-DSAEK seemed to be comparable to the clinical outcome. 13 The main limitation of this study is that we did not set xeno-PKP group so that the superiority of xeno-DSAEK regarding immune rejection cannot be elaborated thoroughly, although comparative results can be obtained from our previous study when considering the same donor and immunosuppressive regimen were employed. drops combined with tacrolimus eye drops or cyclosporine A eye drops) will be adopted in the future xeno-DSAEK pre-clinical study.
In conclusion, xeno-DSAEK is feasible and effective, and the technique may reduce the complications common to xeno-PKP.
More importantly, the porcine DSAEK grafts could survive for a long term without using systemic immunosuppressors and exhibit promising future for clinical practice.
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